The effects of Si, O, C and N ion implantation with different implantation doses on yellow luminescence (YL) of GaN have been investigated. The as-grown GaN samples used in the work were of unintentional doped n-type, and the photoluminescence (PL) spectra of samples had strong YL. The experimental results showed that YL of ion implanted samples exhibited marked reductions compared to samples with no implantation, while the near band edge (NBE) emissions were reduced to a lesser extent. The deep-level centers associated with YL may be produced in GaN films by O and C ion implantation, and identities of these deep-level centers were analyzed. It was also found that the dose dependence of YL was analogous with the one of the intensity ratios of YL to the near band edge (NBE) emission (I Y L /I NBE ) for ion implanted samples. The possible reason for this comparability has been proposed. 
Introduction
Wideband-gap semiconductor GaN is an ideal material for optoelectronic and high-temperature/high-power devices [1, 2] . GaN grown by different methods has a so-called "yellow luminescence" (YL) band, which is peaked around 2.2 eV (550 nm). This undesirable broad luminescence band imposes limitations on the applications of GaN-based optoelectronic devices, and enormous research has been done on the origin of YL in the past decades.
Ion implantation is an attractive doping technique because * E-mail: zlm03@lzu.cn it offers advantages including the introduction of nearly all elements of the periodic table with the precise control of dopant concentration and depth distribution. However, post-annealing is necessary for the activation of the dopants and for the recovery of the lattice damage produced by the energetic ions. Compared with other mature semiconductors (such as Si and GaAs), GaN shows strong dynamic annealing even during heavy-ion bombardment at liquid-nitrogen temperature, and it is very difficult to be amorphized [3, 4] . In this letter, we discuss the influences of ion implantation and post-annealing on YL of GaN by photoluminescence (PL) measurements. 
Experiment
The GaN samples used in the experiments were of unintentional doped n-type grown on sapphire substrates by the metal-organic chemical vapor deposition (MOCVD). The thicknesses of the wurtzite GaN epitaxial layers were ∼2 µm. The electron concentration and electron mobility of the samples were 1.0×10 17 cm −3 and 300 cm 2 /VS, respectively. The concentrations of residual impurities were at an order of 1.0×10 16 cm −3 . The PL spectrums of the samples were dominated by YL. Si, O and N ions were implanted in samples at room temperature with different doses from 1.0×10 13 to 1.0×10 16 cm −2 , while C ions were implanted with doses from 1.0×10 13 to 1.0×10 17 cm −2 . The ion implantation energy was 100 keV. The values of projected ion ranges (R ) and the average number of lattice vacancies produced by one ion (N V AC ) were calculated by a standard software "Srim2006" and are given in Table 1. Post-annealing was done in a quartz open-tube furnace under flowing N 2 gas for 10 min at 900 0 C. Xray diffraction (XRD) measurements were carried out in order to characterize the crystalline quality of the nonimplanted GaN expitaxial layers before and after annealing. Room-temperature PL spectra were measured by a RF-5301 spectrometer. The wavelengths of the excitation light were 325 nm and 340 nm for the implanted GaN samples before and after annealing, respectively. As the GaN absorption coefficient α at 300K for the excitation light with wavelength of 325 nm is around 1.6×10 5 cm −1 [5] , the light penetration depth, which is near to 1/α, is around 60 nm. This is less than the projected ranges of the Si, O, C and N ion implantation, see Table 1 .
Results
Fig . 1 illustrates the XRD spectra of the non-implanted GaN before and after annealing at 900 0 C. The diffraction peak at 72.9 0 and the weak peak at 73.1 0 are both attributed to the (0004) diffraction of the wurtzite GaN resulting from the Cu-Kα1 and Cu-Kα2, respectively. The FWHM (full width at half maximum) of the (0004) diffraction peak at 72.9 0 was measured to be 0.073 0 and 0.072 0 before and after annealing respectively, which implies that the quality of the initial sample was good and that no degradation was caused by the 900 0 C annealing with the sample under the protection of a flowing N 2 gas. Fig. 2 shows the PL spectra of GaN samples implanted by different ions with different doses as well as the PL spectra of the non-implanted GaN sample. From this figure, it is seen that luminescence intensities of the samples decreased remarkably after ion implantation. After being annealed at 900 0 C, the luminescence intensities of the non-implanted GaN sample stayed almost unchanged, and those of ions implanted samples recovered to some extent but were still much weaker than that of the nonimplanted sample. It is interesting to note that compared with YL, the NBE emission decreased with less extent. Fig. 3 depicts implantation dose dependence of the YL peak intensities for the Si, O, C and N implanted samples. This figure shows that the YL intensities decreased with increasing implantation dose. However, after annealing, the YL intensity of the C implanted sample with the dose of 1.0×10 17 cm −2 enhanced obviously. Measurements done on several different areas of this sample all showed an enhanced YL intensity, so the result must be real. In addition, after being annealed at 900 0 C, the YL intensity sequence was C>O>N>Si, for ion implanted samples at every dose (from 1.0×10 13 to 1.0×10 16 cm −2 ). 
Discussion
So far, it is generally believed that YL of GaN is attributed to a radiative transition between shallow donors (or the conduction band) and some deep-level centers (of either donor or acceptor nature) [6] [7] [8] [9] [10] [11] [12] [13] . Neugebauer and Van de Walle [6] showed that Si on the Ga site (Si G ) and O on the N site (O N ) are dominant shallow donors in n-type GaN, and are responsible for the n-type conductivity of 10], and the other are C-related defects [11] [12] [13] . Recently, Armitage et al. [13] argued that V G is responsible for YL in GaN with low C concentration, while C-related defects cause YL in GaN with C concentration being comparable to or exceeding the V G concentration. Since V G and V G -donor complexes are the dominant deep acceptors in n-type GaN [5] , they are suggested to be responsible for YL in the as-grown GaN used in this experiment.
Although very efficient dynamic annealing processes in GaN during ion bombardment have been found, such dynamic annealing is never perfect [3] . Ion implantation inevitably produces lattice defects in GaN, and most of the implantation-produced defects act as efficient nonradiative recombination centers, which result in a strong decrease in the YL intensity. The higher the implantation dose, the more non-radiative recombination centers are produced, leading to a greater reduction in YL intensity, as shown in Fig. 2 . After annealing at 900 0 C, YL recovered slightly, and this recovery was more difficult for higher implantation doses. It suggests that only a few irradiation defects could be annealed. To recover the implantationproduced lattice damage, a higher temperature annealing is required.
In the four implantation species, N is the lattice atom of GaN, while Si, O and C are impurities. C, N and O neighbor one another in the periodic table, with their atomic mass being close in value, so the levels of implantation damage induced by these three ions are thought to be close at the same implantation energy, as shown in Table 1. Shallow donors O N will be formed after O ion implantation and post-annealing. However, the activation of O ions could be very small. Zolper et al. [14] have showed that only 3.6% of the implanted O ions were activated with a dose of 5.0×10 14 cm −2 after annealing at 1050 0 C. The low activation efficiency may be explained by the formation of deep acceptors V G -O N complexes which are related to YL in GaN. Therefore, both O N and V G -O N complexes increase with O doping. This is why YL of the O implanted samples are stronger than those of the N implanted samples after annealing at every dose from 1.0×10 13 to 1.0×10 16 cm −2 , as shown in Fig. 3 . Since YL of the C implanted samples were stronger than those of the O implanted samples after annealing at every dose, some deep level centers involved in YL must have been produced in GaN after C ion implantation. It is supposed that C interstitials (C ) or C complexes are the deep-level centers which induce YL. C and C complexes are formed after C ion implantation in GaN, which act as either deep acceptors or deep donors. During thermal annealing, C may combine with V G or V N to form C G or C N , which act as shallow donors or shallow acceptors in GaN respectively. However, with the increasing of the implantation dose, i.e., with the increasing of the level of implantationproduced lattice damage at the dose of 1.0×10 17 cm −2 , the diffusivity of C becomes poor. Consequently, the concentration of C or C complexes is enhanced, which could make the YL intensity increase, see Fig. 2 and Fig. 3 . For the case of Si implantation, the activation of Si (i.e. the forming of Si G ) has been shown to be difficult after a 900 0 C anneal [15] , and on the other hand, the V G -Si G complexes which act as deep acceptors and could be related to YL in GaN, are much less stable than the V G -O N complexes. In addition, the Si implantation produces more non-radiative recombination centers in GaN than the implantation of the other three ions because of the heavier ion mass. Therefore, the YL intensities of the Si implanted samples are weakest of all the four kinds of ion-implanted samples, see Fig. 3 .
Ion implantation produces non-radiative recombination centers, which usually causes reduction of both the NBE emission and YL in GaN. Moreover, Kucheyev et al. [3] found that during ion implantation with various energies and doses, the surface is a preferential trapping site for mobile defects in GaN and act as a strong sink for the accumulation of migrating point defects. As discussed above, the YL of GaN is associated with V G and V G complexes as well as C or C complexes, while the NBE emission is simply ascribed to a band to band recombination in Ref. [11] and [16] . During the ion implantation process, the point defects involved in YL migrate towards the surface and annihilate there, resulting in the reduction of the YL. Maybe this is why YL decreased to a more extent than the NBE emission and the dose dependence of YL was similar with the one of I Y L /I NBE for ion implanted samples. However, this also can be explained by the fact that ion implantation induced non-radiative recombination centers that will act more effectively on YL than on NBE emission, as proposed by Dai et al. [17] .
Summary
The influences of ion implantation and post-annealing on YL of GaN with strong YL have been studied. The results show that ion implantation markedly reduced the YL intensities and to a lesser extent than the NBE emission intensities. O and C ion implantation produced deep acceptors V G -O N complexes, and C or C complexes which are related to YL of GaN, respectively. The latter could become important in C implanted GaN with high doses.
